Abstract: A sensorless current-sharing strategy for two-phase and multiphase input-parallel output-parallel (IPOP) DC-DC converters is proposed here. A dual-active-bridge (DAB) DC-DC converter is chosen as the basic DC-DC converter. With this strategy in two-phase IPOP DAB DC-DC converters, the parameter mismatches between phases are estimated by perturbing the duty cycle in one phase and measuring the changes of duty cycles in both phases, then the duty cycles are adjusted to compensate the mismatches, thus achieving current sharing without current sensor. With this strategy in multiphase IPOP DAB DC-DC converters, by perturbing the duty cycles in (N − 1) out of N phases in turn and measuring the changes of duty cycles, respectively, the parameter mismatches among phases are estimated. According to the mismatches, a set of variables, which are proportional to the per-phase output currents, are calculated. Then with a current-sharing regulator, parameter mismatches are compensated, thus achieving current sharing without current sensor. The validity and feasibility of the proposed sensorless current-sharing strategy are verified through both simulation and prototype experimental results.
Introduction
Multiphase DC-DC converters, due to the advantages of relatively high power rating and power density, as well as reduced current ripple with multiphase interleaving control, are getting more and more applications. For a multiphase DC-DC converter, it is generally desirable that every phase shares the load current equally, so that the components possess equal thermal stresses which minimise component ratings. Otherwise, current imbalance may lead to deterioration of system reliability and even derivation of system stability. Ideally, parameters of phases are designed to be identical; therefore, the load current is automatically shared. Under real condition, however, component parameter errors, component tolerances, and some other effects inevitably result in parameter mismatches among phases, so extra current-sharing control is required to compensate these mismatches.
Many current-sharing control approaches have been proposed and analysed to maintain appropriate current or power distribution among the converters operating in parallel [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . These approaches can be generally classified into two basic categories, i.e. droop control [1] [2] [3] [4] and active current-sharing approach [4] [5] [6] [7] . Droop control approach, by controlling the finite equivalent output resistance of every phase, regulates its output characteristic to realise current sharing among phases. Active current-sharing approach, normally including master-slave scheme and democratic scheme, usually uses current sensors to sample output current of each phase, then compares per-phase output current signals with current-sharing bus signal, producing current error signals which are put into current-sharing controller to compensate differences of output currents.
An automatic current-sharing strategy is described in [8] . In this paper, by reducing parameter mismatches among phases to some extent, approximate current sharing with acceptable current differences among phases is achieved using common duty cycle control strategy. This method can only be used where parameter mismatches of phases are <10%. Another automatic currentsharing strategy is introduced in [9] . In this paper, by utilising a specific input-parallel output-parallel (IPOP) converter topology, automatic sharing of input and output current is achieved without an extra current-sharing controller even in the presence of parameter mismatches of >10%.
With recent development of digital control system, some novel sensorless current-sharing strategies are proposed in [10, 11] . These strategies do not need any current sensor or additional circuit, and merely require measurement of the output voltage. These strategies utilise methods based on perturbation of duty cycle to estimate the parameter mismatches and adjust the duty cycles to compensate the mismatches, therefore realising current sharing. However, all these strategies are developed only for multiphase buck DC-DC converters.
Recently, the dual-active-bridge (DAB) DC-DC converter [12, 13] , due to the advantages of bidirectional power flow, galvanic isolation, high efficiency, and soft switching, becomes more and more attractive in electric vehicle applications [14] , energy storage system [15] , and microgrid applications [16] . Furthermore, multiphase DAB DC-DC converters, such as IPOP DAB [8, 17] , input-series output-parallel (ISOP) DAB [18] , and even threephase DAB [19] , are needed in high-power applications.
For IPOP DAB DC-DC converters, in order to compensate parameter mismatches between/among phases, a novel sensorless parameter estimation and current-sharing strategy is proposed in this paper. As shown in Fig. 1 , multiphase IPOP DAB DC-DC converters consist of N phases of DAB DC-DC converters, inputparalleled, and output-paralleled. The topology of a DAB DC-DC converter and its operating principal are first analysed in detail in Section 2. In Section 3, the sensorless current-sharing strategy principle for two-phase IPOP DAB DC-DC converters is presented, and the method to estimate parameter mismatches between two phases is described in detail. In Section 4, the sensorless current-sharing strategy for multiphase (no less than phase 3) IPOP DAB DC-DC converters, including parameter estimation, current estimation, and sharing, is described in more detail. The computer software implementation, including calculating steps and software flow charts, is given in Section 5. The simulation and experimental results are demonstrated in Section 6. Finally, conclusions are given in Section 7.
DC-DC converter has the merits of transferring power in both directions, higher power density with its relatively small size, and less power loss due to its ability of zero-voltage-switching.
The main waveforms of operating DAB DC/DC converter are shown in Fig. 2b . For simplicity, the single-phase-shift (SPS) method is used to control the converter in this paper. Suppose that the power transfers from the left H-bridge to the right currently, in the left H-bridge, the switching signals of P 1 and P 4 are identical, approximately with duty cycles of 50%, and the switching signals of P 2 and P 3 are identical, complementary to that of P 1 and P 4 . Similarly in the right H-bridge, but with the switching signals of S 1 and S 4 lagging that of P 1 and P 4 , a phase shifting angle φ. Define ratio of the phase shifting angle φ to half switching period angle as the duty cycle of a DAB DC/DC converter, which can be expressed as
where φ ∈ 0, π , d ∈ 0, 1 . With all these control signals, the transformer's primary voltage v p , which is a rectangular wave with its magnitudes of ±V in , as well as secondary voltage v s , a rectangular wave with its magnitudes of ±V o , are generated as illustrated in Fig. 2b . By controlling the phase shifting angle φ, the voltage v L of the leakage inductor of the transformer, as well as the leakage inductor current i L and the active power transferred through the DAB converter, are controlled.
According to [20, 21] , the active power transferred through DAB under SPS control is written as
where n is the transformer ratio, and n = n 1 :n 2 , V in the input voltage, V o the output voltage, L the leakage inductance, and f s the switching frequency. Thus, the output average current of DAB is
Clearly, the curves of P and I o with respect to d are symmetrical about d = 0.5. So, it is adequate to suppose d ∈ 0, 0.5 in order to simplify the control. Also, within this adjusting scope of d, the larger d is, the larger P and I o are.
3 Parameter estimation and current-sharing strategy in two-phase IPOP DAB DC-DC converters
Current-sharing principle
According to (3), in two-phase IPOP DAB DC-DC converters, the output current I o1 and I o2 in two phases are
where n 1 , L 1 , and d 1 are the turns ratio, leakage inductance, and duty cycle in the first phase, while n 2 , L 2 , and d 2 are those in the second phase. As shown in (4) and (5), I o1 in the first phase is equal to I o2 in the second phase, provided that the parameters of the two phases are identical and the duty cycles are the same. In realistic situation, however, parameter mismatches of the two phases are inevitable. In order to achieve ideal current sharing, different duty cycles d 1 and d 2 are required to compensate the current difference caused by parameter mismatches. To achieve ideal current sharing, so that I o1 = I o2 , and let the duty cycle of the second phase d 2 = d 1 + Δd, the following condition should be satisfied: 
The duty cycle difference between two phases thus is:
where
, and
X 1 , X 2 are system-related constants, and are named as phase parameters in this paper. X 1 / X 2 is defined as the phase parameter ratio that stands for the parameter mismatches between phases. Δd is the duty cycle difference between two phases when current sharing is achieved. In this case, the duty cycle of the second phase is:
Take derivative of Δd and I o1 with respect to d 1 , respectively
Obviously, when (X 1 / X 2 ) > 1 and d 1 ∈ 0, 0.5 , then (∂ Δd /∂d 1 ) > 0 and (∂ I o1 /∂d 1 ) > 0, which means that Δd and I o1 are increasing functions with respect to d 1 . Assuming that (X 1 / X 2 ) > 1, d 1 is produced by voltage regulator, and d 2 is produced according to (9) , if d 1 slightly increases due to some perturbation, I o1 and d 2 will increase, then I o2 increases because of d 2 . The increase in I o1 and I o2 leads to the increase in the output voltage. Afterwards, with the closed-loop voltage regulation, d 1 is adjusted to reduce, so that the output voltage stays stable. The initial increase in d 1 is depressed. This negative feedback mechanism contributes to maintaining system operating at steady state. On the other hand, if (X 1 / X 2 ) < 1, d 2 reduces with d 1 increasing, then the system will lose its stability. So, it is vital to make sure that the duty cycle difference Δd is calculated based on the duty cycle of phase with larger phase parameter. A procedure to realise it will be illustrated in Section 3.2.
Once the phase parameter ratio is available, with the duty cycle of one phase, which is produced by voltage regulator, the duty cycle of the other phase can be calculated according to (9) , and current sharing is then achieved.
Estimation of parameter mismatches
The procedure to estimate the phase parameter ratio X 1 / X 2 is described below.
Firstly, the two-phase IPOP DAB DC-DC converters are controlled by a common duty cycle generated by a voltage regulator. The control schematic diagram at this stage is shown in Fig. 3a . After the system reaches steady state, the duty cycles of both phases are D as shown in the equation below
Also, the output current of both phases are
Next, the duty cycle of the first phase is perturbed by subtracting a small constant offset Δd p from the output of voltage regulator, while the duty cycle of the second phase remains the same with the output of the voltage regulator. The control schematic diagram at this stage is shown in Fig. 3b . After the system reaches new steady state, the output of voltage regulator switches from common duty cycle D to D′, and D < D′, the duty cycle of the first phase is
where Δd 1 is a small offset of duty cycle in the first phase. The duty cycle of the second phase is
where Δd 2 is a small offset of duty cycle in the second phase. From (15) and (16), we have Δd 1 + Δd 2 = Δd p . The output current of the two phases are
According to (13) , (14), (17) , and (18), the current change in each phase due to the duty cycle perturbation can be written as
Owing to the closed-loop voltage regulation, the total load current is not changed at steady state before and after perturbation. Therefore, the reduction in output current in the first phase is equal to the increment of output current in the second phase, expressed as
From which derives
As shown above, the parameter ratio can be estimated. According to the analysis presented in Section 3.1, in order to make sure that the duty cycle difference Δd is calculated based on the duty cycle of phase with larger phase parameter, so the system operates at steady state, a judgement as below is required: If (X 1 / X 2 ) > 1, the first phase has larger phase parameter X 1 than that of the second phase. So, we define the first phase as the master, and the second phase as the slave. In this case, the duty cycle in the first phase d 1 is produced by the voltage regulator, and the duty cycle difference Δd is calculated due to d 1 . According to (9) , the duty cycle of the second phase is
The control schematic diagram in this case at this stage is shown in Fig. 4a . If (X 1 / X 2 ) < 1, the second phase has larger phase parameter X 2 . So, the second phase is defined as the master, and the first phase as the slave. In this case, the duty cycle in the second phase d 2 is produced by the voltage regulator, and the duty cycle difference Δd is calculated due to d 2 . According to (9) , the duty cycle of the first phase is
The control schematic diagram in this case at this stage is shown in Fig. 4b . As discussed above, the duty cycles, which have been adjusted to compensate the current difference caused by parameter mismatches, can be calculated and used for current sharing.
Parameter estimation and current-sharing strategy in multiphase IPOP DAB DC-DC converters
According to (3), in multiphase (no less than phase 3) IPOP DAB DC-DC converters, output current in the ith phase is
, and d i are the turns ratio, leakage inductance, and duty cycle in the ith phase (i = 1, 2, 3,…, N), respectively. Clearly, with a given V in and f s , X i is a constant, and related to converter parameters of the ith phase itself. Therefore, similarly to that in Section 3.1, here we also name X i as phase parameter. As shown in (25), load current will be shared among phases automatically, provided that the phase parameters are identical and the duty cycles are the same. In realistic situation, however, parameter mismatches among phases are inevitable. In order to achieve ideal current sharing, extra control strategy is required to compensate the duty cycles of phases due to the mismatches.
A specific procedure for the realisation of sensorless currentsharing in multiphase IPOP DAB DC-DC converters is detailed in the following sections.
Parameter estimation
Firstly, the multiphase converters are controlled by a common duty cycle, which is generated by a voltage regulator. The control schematic diagram at this stage is shown in Fig. 5a . After the system reaches steady state, the duty cycles of all phases are D, expressed as below
Also, the output current of the ith phase is
Next, the duty cycle of the ith phase is perturbed by subtracting a small constant offset Δd p from the output of voltage regulator, while the duty cycles of the rest phases are still from the output of voltage regulator. The control schematic diagram at this stage is shown in Fig. 5b . Through the closed-loop voltage regulation, when the system reaches new steady state, the duty cycle of the ith phase is equal to the common duty cycle D before perturbation minus a small offset Δd i1 , which is written as
In response to the change of the duty ratio of the ith phase Δd i1 , the duty cycles of the other phases are equal to the common duty cycle D before perturbation plus a small offset Δd i2 , which is written as
Similar to the derivation in Section 3.2, Δd i1 + Δd i2 = Δd p can be obtained. So, the output currents of the perturbed phase and the other phases are
where j = 1, 2,…, i − 1, i + 1,…, N. According to (27), (30), and (31), the current change in each phase between before and after perturbation can be written as
Owing to the fact that the output voltage is well regulated, the total output current is not changed at steady state before and after perturbation; therefore, the reduction in output current in the ith phase is equal to the sum of increments of output current in the rest phases, expressed as
Then we have
Similarly, by repeating the procedure of perturbing the duty cycle in (N − 1) out of n phases in turn, respectively, and measure the changes of duty cycles in the other phases, (N − 1) equations similar to (35) are obtained regarding
To simplify the analysis, take, for example, that the duty cycles of the first to the (N − 1)th phase are perturbed in turn. The following matrix equation can be obtained from the procedure described above
2 ), i = 1, 2, …, N − 1 . Equation (36) can be solved and has infinite sets of solutions. Given k 1 , k 2 , …, k i , …, k N T is one set of these solutions, it is obvious that k 1 , k 2 ,…, k i ,…, k N are proportional to X 1 , X 2 ,…, X i ,…, X N , so we name k 1 , k 2 ,…, k i ,…, k N as equivalent phase parameter in this paper.
Current estimation and sharing
Assume that a set of variables, h 1 , h 2 ,…, h i ,…, h N , can be calculated as:
According to (25), h 1 , h 2 ,…, h i ,…, h N are proportional to the perphase output current, I o1 , I o2 ,…, I oi ,…, I oN , i.e.
So, we name h 1 , h 2 ,…, h i ,…, h N as equivalent average phase output current in this paper. Suppose
where h ref is the current-sharing reference, gains m 1 , m 2 ,…, m i , …,m N are used to achieve certain current-sharing scheme. For example, in the master-slave scheme, with one of the phases selected as the master, all the others are serving as slave phases, and the gains below should be implemented
Another approach is the democratic scheme, which is adopted and modified in this paper. The conventional democratic scheme aims at distributing the current stress evenly among phases. Then the current reference h ref can be calculated by taking the average value from h 1 to h N , where
As a result, the proposed current-sharing regulator and total sensorless current-sharing strategy are illustrated in Figs. 6 and 7, respectively. The parameter differences among phases are obtained through (36). They are taken into account for determining the compensation value of the current reference. Then, a currentsharing regulator is adopted as shown in Fig. 6 to adjust the duty cycle of the relevant phase accordingly. The current error signal for the ith phase, calculated by subtracting h i from h ref , is possessed by a PI regulator to generate Δd i to adjusting the duty cycle of related phase, so that the variation of the phase current can be compensated, and current sharing among phases can be achieved.
Software implementation
The parameter estimation and current-sharing strategy described above can be implemented by software. In this research, a three- phase IPOP DAB DC-DC converter is implemented with the proposed current-sharing strategy to verify the theoretical analysis above. Firstly, a common duty cycle is used to drive the switching of the converter, while the common duty cycle is obtained after the output voltage is stable. Secondly, the duty cycle of one phase is perturbed by subtracting a small constant offset from the output of the voltage regulator and the duty cycles of each phase are obtained after the output voltage is stable. This current perturbation process is repeated for each phase.
As a result, (36) for a three-phase IPOP DAB DC-DC converter can be constructed. The equivalent phase parameters, equivalent average phase output currents, and current-sharing references can be calculated finally. The software flowcharts are shown in Fig. 8 .
Stimulation and experimental results

Simulation verification
To verify the parameter estimation and current-sharing strategy proposed in this paper, the simulation of a three-phase IPOP DAB DC-DC converter (see also Fig. 1 ) is implemented by PSIM software. The simulation parameters are listed in Table 1 . Fig. 9 shows the simulation waveforms of outputs current of the three phases before and after using proposed current-sharing strategy. When common duty cycle is used, i.e. before using proposed current-sharing strategy, the instantaneous and averaged output currents of three phases are shown in Figs. 9a and b , respectively. The averaged output currents of three phases are 1.69, 1.51, and 1.52 A, respectively. It can be seen that the output currents are clearly unbalanced. However, when the proposed sensorless current-sharing strategy is used, as shown in Figs. 9c and d, the instantaneous output currents of three phases are almost the same and the averaged output currents are all equal to 1.56 A. Fig. 10 shows the simulation waveforms of leakage inductor currents before and after using current-sharing strategy. Also it can be seen that current sharing is ideally achieved with the sensorless current-sharing strategy. 
Experimental results
To verify the feasibility of the current-sharing strategy proposed in this paper, a prototype of a three-phase IPOP DAB DC-DC converter (see also Fig. 1 ) is also built. To simplify the comparative study, the experimental prototype parameters are the same with that in simulation as listed in Table 1 . The proposed sensorless currentsharing strategy is programmed and implemented in DSP TMS320F28335 and FPGA EP4CE6E22C8. Table 2 shows the measured input and output DC currents of the three phases before/after using proposed current-sharing strategy. As listed in Table 2 , when common duty cycle is used, i.e. before using proposed current-sharing strategy, the input DC currents of three phases are 4.16, 3.69, and 3.72 A, while the output DC currents of three phases are 1.71, 1.52, and 1.53 A, respectively. It is obvious that the input and output phase DC currents are unbalanced, and so are the power transferred through phases. However, when the proposed sensorless current-sharing strategy is used, both the input DC currents and output DC currents become equally distributed among three phases. The proposed sensorless current-sharing strategy is proved to be effective. Fig. 11 shows the experimental waveforms of leakage inductor currents of the three phases before and after using current-sharing strategy. As shown in Fig. 11a , when common duty cycle is used, it can be seen that leakage inductor currents of three phases are not the same; therefore, the power transferred through phases are unbalanced. However, when the sensorless current-sharing strategy is used, as shown in Fig. 11b , significant current-sharing improvement can be realised as expected. The experimental results, as well as the simulation results, are consistent with the theoretical analysis above.
Conclusions
This paper proposes a novel sensorless parameter estimation and current-sharing strategy in two-phase and/or multiphase IPOP DAB DC-DC converters. Simulation and experimental prototype of a 30-70 V, 20 kHz, three-phase IPOP DAB DC-DC converter are implemented. The following conclusions can be drawn from the study with the proposed sensorless current-sharing strategy:
i. With the proposed strategy, current-sharing between/among phases is achieved under different phase parameters; hence, the reliability of two-phase and/or multiphase IPOP DC-DC converters is enhanced. ii. This current-sharing strategy can be implemented without any current sensors, thus more cost-effective compared with those sensor-required current-sharing strategies. iii. The sensorless current-sharing strategy can also be a back-up plan for achieving the current-sharing during sensor failure, thus improving the reliability.
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